ABSTRACT The understanding on the response of aluminum alloy to direct lightning currents is needed for lightning protection. Four typical lightning current components, which are the first return stroke current, subsequent return stroke current, continuing current in the stroke intervals, and long continuing current, are simulated to investigate their damage effects on Al alloy 3003 material by laboratory experiments. The damage morphology on alloy's surface and the microstructure in cross section are observed with highresolution scanning electron microscope. Elemental composition changes of alloy material are measured by an X-ray energy dispersive spectrometer. Indentation hardness tests are conducted to measure the changes in alloy's micro-hardness. Then, the damage characteristics and mechanisms of the alloy are analyzed by comparing the experimental results under different current parameters of lightning components. The results show that, in response to the first return stroke current component, a thin oxide layer and cracks are formed on the alloy's surface. The cracks are initiated by the broken of the oxide layer. Under the continuing current component in the stroke intervals, the dendritic crystals appear and grow in the direction of temperature decrease inside the material. In response to the long continuing current component, uneven solidification induced cracks are formed. The over-burn phenomenon also occurs and lots of hydrogen evolution porosities appear. As a response to the subsequent return stroke current, the damage pattern on alloy's surface is dominated by pits, and the thickness of the damaged layer is typically 15 µm.
I. INTRODUCTION
Aluminum alloy 3003, a kind of Al-Mn alloy, has robust mechanical characteristics, fine anti-electromagnetic interference performance, and strong corrosion resistance. It is widely used in industry, such as the oil tanks, pipelines, and airplane [1] . Direct lightning struck on Al alloy would result in a momentary high-temperature rise and even burning or melting at the attachment point, which may lead to serious consequences in the aircraft, oil tank, optical ground wire etc. [2] - [4] . Statistical data indicates that the average probability of an aircraft struck by lightning is 500 times in 20,000 flight hours [5] . 65 of 107 tank fire accidents are attributed to lightning [6] . Therefore, investigation on the metal-lightning interaction is of considerable importance.
Cloud-to-ground (CG) flash is a complicated process, which usually consists of 2∼20 multiple return strokes. A CG flash current includes not only short duration return stroke current components, but also long duration current components between strokes and after stroke. As summarized in many international standards (such as the IEC standard [7] , SAE standard [8] , MILITARY standard [9] , and EUROPEAN standard [5] ), a typical negative CG lightning flash current is qualified into four representative components, the first return stroke current (Component A), the continuing current in the stroke intervals (Component B), the long continuing current after stroke (Component C), and the subsequent stroke current (Component D), respectively [8] , [9] . In existing standards, typical testing current considering VOLUME 6, 2018 2169-3536 2017 IEEE. Translations and content mining are permitted for academic research only.
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The current Component A has a peak amplitude of 200 kA (±10%) and an action integral of 2×10 6 A 2 ·s (±20%) with total time duration not exceeding 500 µs. Component B has an average amplitude of 2 kA (±20%) and maximum charge transfer of 10 C (±10%). Component C requires a charge transfer of 200 C (±20%) with the current amplitude ranging from 200 to 800 A. Component D has a peak amplitude of 100 kA (±10%) and an action integral of 0.25×10 6 A 2 ·s (±20%). These lightning current components with distinctly different parameters lead to different damage characteristics and physical response in the stricken metal materials.
Because of the lack in understanding the interactions between arcs and metal materials, theoretical prediction of the physical response and damage characteristics of metal materials under lightning currents are still difficult [10] . Adopting the experimental method is a direct and effective way to research the alloy damage caused by lightning. In existing literatures, test currents with 1.2/50 µs, 10/350 µs, and 8/20 µs waveforms have been employed to investigate the temperature rise and damage characteristics of metal materials under Component A [11] - [13] . 0.2∼1 s long continuing currents with amplitude 200∼800 A have been employed to investigate the effects of Component C [14] , [15] . However, the effects of Component B and Component D in lightning currents on Al alloy have not been addressed. And documentation on the damage microstructure, micro-hardness, and other micro parameters has not made its way into the literature as far as the authors are aware. Accordingly, analyses on both the metal damage characteristics and micro parameters associated with different lightning current components could contribute to achieving a better understanding of the metallightning interactions. These procedures are also fundamental to illuminate the damage mechanisms of metal struck by multi-stroke flashes.
The present study is concerned with simulated lightning current experiments on Al alloy 3003. The current generator for simulating the four lightning current components and the experimental set-up are introduced in Section 2. The high-resolution scanning electron microscope (SEM), energy dispersive spectrometer (EDS), and micro-hardness tester are adopted to investigate the damage morphology on the alloy's surface, damage microstructure in cross section, and through documentation of changes in element composition and microhardness, respectively. The damage mechanisms of Al alloy caused by different lightning current components are clarified by analyzing the experimental results and current parameters, as discussed in Section 3. The Conclusions can be found in Sections 4.
II. EXPERIMENTAL SET-UP

A. MWMPICG
The Multi-Waveform Multi-Pulse Impulse Current Generator (MWMPICG) was developed by Shanghai Jiao Tong University [16] , [17] to generate the four kinds of simulated lightning current components with adjustable current amplitude and time interval. The MWMPICG has the ability to output a simulated first return stroke current with adjustable waveforms and amplitude (up to 200 kA), a rectangular waveform current for simulating the continuing current in the stroke intervals with time duration 5 ms and amplitude 2 kA, a long continuing current lasting 1 s with amplitude 800 A, and two simulated subsequent return stroke currents with peak amplitude up to 100 kA each. The generator is suitable for direct lightning effects research [16] .
In this research, the simulated four current components are the experimental electrode is made of tungsten-copper alloy W80 material (tungsten mass fraction 80%) to reduce the impacts of electrode jet on metal damage results [18] , [19] . The W80 material is manufactured by the process of copper permeation in a sintered tungsten skeleton at high temperature [20] , which has the strong anti-erosion capability, high melting point, and fine electric conductivity. The electrode is made of W80 rod of 8 mm diameter with its head shaped into a semi-ellipsoid and its tip curvature radius is controlled to 1.6 mm [21] , as shown in Figure 3 .
Considering the dimensional requirement of material inspection, the Al alloy plate of 5 mm thickness is processed into 150×150 mm samples. A clamping device, made of two pieces of insulating wood with a slotted 100×100 mm square hole in the middle, is designed to prevent the alloy sample moving in response to the electromagnetic force. Ethoxyline screws are used to fasten the alloy sample within the clamping device. A copper connection bridge with 5 mm thickness and 50 mm width is designed to install the electrode at the midpoint. The clamping device is shown in Figure 4 .
The clamping device and the alloy sample are arranged vertically to decrease the impact of melt metal on the experimental results. Two copper bars are placed vertically on the two sides of the alloy sample as its grounding connection to suppress the effect of electromagnetic forces on arcs' movement. The contact area between the copper grounding bars and the alloy sample is larger than 1500 mm 2 .
Metal damage results are also affected by the arc root mobility and experimental distance between the electrode and the alloy sample. Zischank et al. [18] , Uhlig et al. [22] , and Gouega et al. [23] concluded that the metal damage volume decreases with the increase of the experimental distance. Arc root would exhibit continuous motion if the experimental distance exceeds 10 mm [22] . Therefore, the experimental distance between electrode and alloy sample is fixed at 5 mm in this research. 
III. EXPERIMENTAL RESULTS AND ANALYSIS
To improve the experimental accuracy and reproducibility, the alloy sample is cleaned and dried before each experiment. After the experiment, the alloy sample is cut into two pieces and then processed into cuboid samples with dimensions of 10×10×5 mm (labeled sample #1 and #2). Sample #1, cleaned with acetone and then dried, is used to observe the surface damage morphology. Sample #2 is prepared to analyze the damage microstructure in cross section. Such sample is prepared in two steps. First it is inlayed by mosaic method with black epoxy resin and polished with abrasive papers of types #100, #400, #800, #1500, and #2000, in turn, to form a specular surface. Then, it is immersed in the corrosive liquid to stimulate corrosion, cleaned with ultrasound in acetone, and dried. The two samples are shown in Figure 5 .
The damage area and depth of the alloy samples are measured with ultrasonic B/C scanning system. Every experiment is carried out three times to get the average results. The temperature during all the experiments is in an overall range of 13∼15 • C. The environmental atmospheric pressure is 1.01×10 5 Pa. The parameters of different current components and experimental results are recorded in Table 1 . The surface damage morphology of the samples subjected to different current components are shown in Figure 6 . In comparison among the experimental results, it is concluded that the sample subjected to Component A results in the largest damage area of 4654.1 mm 2 . The Component A, with the largest current amplitude of 188.0 kA, generates the strongest magnetic forces and thermal stresses to form the largest damage area on metal surface. Note that the damage depth caused by Component A is only 0.02 mm. The duration of Component A is 80 µs. It brings only superficial damage to the metal surface.
Component C, which involves the largest total charge transfer and the longest duration, 210.1 C, 520 ms, respectively, leads to the deepest damage depth of 3.3 mm. The metal damage depth is dominated by the electric arc energy, which can be calculated by Equation (1) [5] , [24] .
Where w is the electric arc energy, Q is the quantity of charge transfer. u is the voltage drop in the arc channel, which can be measured in the experiment. From Equation (1), the electric arc energy generated by Component C is 7142.7 J, compared with that of 662.3 J for Component A, 172.7 J for Component B, and 34.3 J for Component D, which leads to the greatest damage depth.
The damage morphologies on the surface and microstructure in cross section are observed using the field emission scanning electron microscope Sirion-200 produced by the FEI company. The observed damage morphology on the tested sample's surface caused by different lightning current components are shown in Figure 7 to Figure 10 . Examples of observed damage microstructure in cross section are shown in Figure 11 to Figure 14 .
The elemental composition changes in the tested alloy samples are measured by the X-ray EDS. The results are shown in Table 2 . Indentation micro-hardness tests are performed with the automatic micro-hardness tester made by Zwick Roell Company. The results are shown in Table 3 .
From Figure 7 , it is shown that in response to the Component A, the alloy surface damage is dominated by microcracks and pits. By observing the damage microstructure in cross section shown in Figure 11 , typical microcrack depth is 20 µm. A compact layer of thickness 5 µm is formed on the surface. From the results of elemental composition analysis, the content of oxygen in the damaged samples increases to 13.30% (it is 1.02% in the original alloy). The micro-hardness rises from 33.0 to 36.5. It is concluded that the observed 5 µm compact layer is a thin oxide layer. Due to the thermal stress caused by the large temperature gradient across the oxide layer and electrical force induced by the current conduction, the oxide layer fractures and cracks are formed. After crack is formed in the oxide layer, in response to the joint effects of the thermal stress and the electrical force, the cracks tend to expand and deepen inside the layer, as ''crack 1'' shown in Figure 11 .
From Figure 8 , it could be concluded that in response to the Component B, the damage morphology on the sample surface is mainly a kind of lamellar solidification after melting. Cracks and granular solidification also appear in some zones. Figure 12 shows that there are two kinds of damage microstructure in the cross section. The damaged region in the cross section could be correspondingly divided into two zones according to the quantity of second-phase particles. The one with much more concentrated secondphase particles could be called the ''damage zone''. The other one, whose population of second-phase particles is significantly lower, could be called the ''transition zone''. In the damage zone, many dendritic crystals appear and grow in the temperature decrease direction inside the material. Banded crystal boundaries form at the interface between the crystalline grains. In the transition zone, the density of both second-phase particles and dendritic crystals decreases markedly. From the results of element content analysis, the oxygen content increases from 1.02% in the original alloy to 8.25% in the damaged alloy. The micro-hardness of the transition zone and damage zone are 34.2 and 38.8, respectively. This is attributable to the 2 ms current duration of Component B, which is long enough to make the secondphase particles dissolved. The cooling rate in the damage zone is larger than that in the transition zone, which leads the second-phase particles in the transition zone to migrate into the damage zone. For the dendritic crystals, the temperature in the transition zone is not sufficiently high to promote its formation and growth, which results in the density of the dendritic crystals in the transition zone lower than that in the damage zone.
Due to the long duration and large charge transfer of Component C, Al alloy undergoes melting in the damage zone, as shown in Figure 9 and Figure 13 . On the alloy surface, damage morphology is characterized mainly by granular solidification, molten pits, cracks, and pores. The density of dendrite crystals increases compared with the test results under Component B. The ribbon crystal boundaries become coarser and are notably granulated. In addition, the triangular structures are formed at the crystal boundaries, indicating that the crystal boundaries have roughened. Both the crystal boundary remolten and eutectic structure remolten phenomenon happen. The over-burn phenomenon occurs and lots of hydrogen evolution porosities form [25] . Cracks form in the internal damage zone, which are induced by the uneven solidification. Element analysis results show that the oxygen content in the damaged alloy increases from 1.02% to 28.99%. And the micro-hardness of the transition zone and damage zone increase to 76.9 and 45.2, respectively. It is concluded that the alloy is oxidized. The newly formed oxide layer increases the material's micro-hardness, which also makes the material brittle and easily fractured.
As shown in Figure 10 , in response to Component D, the damage characteristics on the alloy's surface is dominated by pits. From damage microstructure in cross section in Figure 14 , no crack is formed and the thickness of the affected layer is only 15 µm. Element analysis results show that the oxygen content of the damaged alloy increases from 1.02% to 3.28%. The micro-hardness of the damage zone increases to 34.6 from 33.0.
IV. CONCLUSIONS
Four typical lightning current components are brought into laboratory experiment to investigate their effects on Al alloy. Component A of 188 kA amplitude results in the largest damage area of 4654.1 mm 2 , while Component C of 210 C charge transfer leads to the greatest damage depth of 3.3 mm. Caused by Component A, B, C, and D, the oxygen content in the damaged alloy increases to 13.30%, 8.25%, 28.99%, and 3.28%, respectively, compared with its original content of 1.02%. The micro-hardness of the damage zone increases from 33.0 to 36.5, 38.8, 76.9, and 34.6, respectively.
In response to the Component A, a thin oxide layer forms on the surface and the fracture of oxide layer leads to crack initiation. Subjected to Component B, dendritic crystals appear and grow in the direction of temperature decrease inside the material. In response to the Component C, cracks are induced by uneven solidification. The over-burn phenomenon occurs and lots of hydrogen evolution porosities form. Damage caused by the Component D is dominated by pits and the thickness of the affected layer is only 15 µm. Her research interests include lightning protection measures for oil tanks and buildings. VOLUME 6, 2018 
